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BREMSSTRAHLUNG EMISSION MEASUREMENT FROM THICK

TUNGSTEN TARGETS IN THE ENERGY RANGE 12 TO 300 kV

by

Ellery Storm
Harvey I. Israel
Douglas W. Lier

ABSTRACT

X-ray spectral measurements were made using four
commercial, tungsten-target, x-ray units operating between
12 and 300 kV. The absolute intensity as well as the

spectral distribution was measured. The effect of varying
the tube current, target aperture, and detector aperture
was investigated. The intensity from two constant-poten-

tial units was proportional to the tube current, but two
self-rectified units displayed a departure from linearity
as the tube current increased. As the target aperture
area was increased, the photon intensity increased
rapidly at first, but then leveled off to a constant
value. The intensity was found to vary directly with

the area of the detector aperture, but the spectra be-
came distorted when the aperture was increased to where
the counting rate exceeded 1.2 * 104 counts/sec. Sodium
iodide scintillators, germanium, and silicon semiconduc-
tors, and a xenon proportional counter were used to
measure the spectra. The measurements were corrected for
Gaussian broadening, efficiency, escape peak losses,
Compton scattering, and energy linearity to obtain an
estimate of the undistorted spectra incident on the detec-
tors. The estimate was used as the input to a computer
program that simulated the detectors. The estimate was
revised until the calculation gave satisfactory agree-
ment with the spectral measurements of all four detector
types. The best estimates of the spectra incident on the
detector were corrected for the attenuation of the inter-
vening air. Mylar windows, detector windows, and inherent
filtration. After correcting for the solid angle sub-
tended by the detector, the absolute intensity and spec-
tral distribution emitted from the target was obtained
for each x-ray unit operating between its minimum and
maximum potentials. The total photon and energy fluxes
in the L lines, K lines, and continuum are given, as well
as the jump ratio at the K edge. The x-ray production
efficiency was found to increase from 0.025% at 12 kV

to 1% at 300 kV. The constant of proportionality varied
in the range (0.22 to 0.74) * 10"6¢ (kV)-I

I. INTRODUCTION x-ray units, operating between 12 and 300
This paper presents the results of an kV. Absolute photon intensities as well as
experimental study of thick-target brems- spectral intensity distributions are given.
strahlung emission from four commercial Previous spectral measurements in this



energy region
15~18

have been summarized else-

where. In most cases, the results are
given in terms of relative photon intensi-
ties and the measurements have been made
with scintillation spectrometers, although
germanium detector measurements have been

19

reported. In recent experimental thick-

target bremsstrahlung studies,20'21 the ob-
servation angle as well as the target mater-
ial has been varied.

The measurements described in this pa-
per were made with four detector types: a
silicon semiconductor, a germanium semicon-

ductor, a xenon proportional counter, and a

sodium iodide scintillator. After correc-
ting for Gaussian broadening, escape peak

losses, efficiency, Compton scattering, and

energy linearity, an estimate of the "true"

or undistorted spectrum was made. A comput-
er program employing Monte Carlo techniques
was used to calculate the measured spectrum
to be expected for a given geometry and re-
solution when a narrow, parallel beam of
photons was normally incident on a detector.
The estimate of the undistorted spectrum was
revised until the Monte Carlo calculation
gave satisfactory agreement with the spec-
tral measurements obtained with all four de-
tector types. The final estimate of the un-
distorted spectrum is given, together with
the average measurements obtained with all
four detectors and the Monte Carlo calcula-
tion of the measured spectrum for each de-
tector. The final undistorted spectrum was
corrected back to the target,and values
were obtained for the absolute intensity
and spectral distribution.

The x-ray units, the detectors, and
the experimental arrangement and procedure
are described in Sec. II. The results ob-
tained may vary with changes in experiment-

al parameters such as tube current, target

aperture, and detector aperture. These var-
iations are discussed in Sec. III. The
measurements are presented in Sec. IV along

with a discussion of the results.

II. EXPERIMENTAL DETAILS
a. X-Ray Units
a 300-
a 100-

Four x-ray units were studied:
kV Norelco, a 275-kV Triplett-Barton
kV Picker, and a 60-kV Picker.

The constant-potential Norelco MG-300
industrial x-ray unit contains an oil-im-
mersed Muller MO 301/10 tube.
target is at an angle of 22.5°

The tungsten
from the cen-
tral ray and projects a 5-mm-square focal
spot.
from 100 to 300 kV, and the tube current

The exciting potential can be varied
ranges from 2 to 10 mA. This tube has a re-
latively large amount of inherent filtration.
This may be seen from the sketch of the tube
(Fig. 1), which includes the location of the

filament, target, and inherent filtration.
This tube had been in operation more than
3000 h,

of the tungsten had boiled off the target

and 1t appeared possible that some

and was deposited on the beryllium window,
adding to the inherent filtration. To de-
termine if this had occurred, a similar tube
with 3700 h of operation was obtained from
the manufacturer and disassembled. An ex-
amination of the beryllium window disclosed
less than 10-5 g/cm? of tungsten on the win-
dow.

The self-rectified Triplett-Barton Tri-
Ind-X portable radiographic unit has a re-
sonant transformer and tube head, containing
a Machlett EG-252-C beryllium window tube
with a water-cooled,

(SFs)

grounded anode and gas
insulation. The tungsten target 1is at
an angle of 20° from the central ray and
The

maximum voltage is said to be 275 kV; how-

projects a 4.5-mm-square focal spot.

ever, 1t was found that dial settings of 35,
58, 79, 150, 223,
to exciting potentials of 60, 80,
200, and 235 kv,

current can be varied between 1 and 10 mA.

and 275 kV corresponded
100, 150,
respectively. The tube

The self-rectified Picker diagnostic x-
ray unit contains a Machlett MR-100 Pyrex
glass tube, which is air insulated and cooled.
It operates between 40 and 100 kV at cur-

rents between 1 and 20 mA. The tungsten



TABLE I

DESCRIPTION OF X-RAY UNITS

Voltage Current
Range Range

X-Ray Unit X-Ray Tube3 (kV) (mA)
North American Miiller 100 - 300 2—-10
Philips Co. MO 301/10
(Norelco)
Triplett Machlett 60 - 200 1-10
& Barton, Inc. EG-252-C
Picker X-Ray Machlett 40 - 100 1-20
Corp. MR-100
Picker X-Ray Machlett 12 - 60 2-50
Corp. OEG-60G

aAll four x-ray tubes had tungsten targets.

target is at an angle of 20° with the cen-
tral ray and projects a 3.2-mm-square focal
spot.

The constant-potential Picker diffrac-
tion unit contains a Machlett OEG-60G beryl-
lium window tube, which is o0il insulated
and water-cooled, and has a grounded anode.
The exciting potential can be varied from
12 to 60 kV at currents from 2 to 50 mA.

The tungsten target is at an angle of 45°
with the central ray,and the projected focal
spot is a 6-mm square.

The "rayproof" housings of all four x-
ray units were found to leak radiation.
Consequently, lead,
from 0.6 to 2.5 cm,

tube housing and cable connectors to ensure

varying in thickness

was used to shield the

that only the exit window emitted radiation.
The more important features of the x-ray u-
nits are summarized in Table I.
b. Detectors

The spectral measurements were made
with five detectors: a germanium semicon-

ductor, a silicon semiconductor, a xenon

proportional counter, and two sodium iodide

scintillators. A thicker, more efficient
sodium iodide detector with an aluminum win-
dow was used at the higher potentials, and

a thinner sodium iodide detector with a be-
ryllium window at the lower potentials. The
dimensions, window thickness, and orienta-
tion of each detector are given in Table II.

A detailed description of the resolution.

Target Target Inherent
Area Angle Filtration
Wave Form (cm2| c) (g/cm2|
Constant- 0.25 22.5 0.65 Pyrex glass
potential 0.71 Araldit plastic
0.44 beryllium
1.4 oil
Self- 0.20 20 0.425 beryllium
rectified
Self- 0.10 20 0.28 Pyrex glass
rectified
Constant- 0.36 45 0.046 beryllium
potential

Gaussian broadening, photopeak efficiency,

escape peak losses, Compton scattering, and
linearity of each detector has been reported
previously.22

c. Arrangement and Procedure

Figure 2 shows the essential features
of the experimental arrangement. The cable
connectors and x-ray tube, except for the
exit window, were completely encased in lead
shielding to prevent radiation leakage. E-
lectrically actuated lead and tungsten shut-
ters over the exit windows provided remote
beam control. The area of the target aper-
ture was varied by placing 2.5-cm-thick
lead blocks having different diameter holes
over the exit window.

To reduce the counting rate to a mea-
surable level, the detectors were placed ap-
proximately 50 m from the x-ray target. Be-
cause air attenuation is appreciable over
this distance, an Orangeburg pipe that could
be evacuated was placed between the target
and the detector. The 15-cm-diam Orangeburg
pipe had a cardboard base covered with tar.
Each pipe joint was sealed with a Silastic
sealant, and the ends of the pipe were
closed with a Mylar window 0.0105
thick.

two vacuum pumps attached approximately 10 m

g/cml
The pipe was evacuated by means of
from each end of the pipe. Pressures of 1
to 2 mm of Hg were obtained. The air be-
tween the x-ray tube window and first Mylar
and the

pipe window, the air in the pipe,



TABLE II

DESCRIPTION OF DETECTORS

Cylindrical Dimensions

Window
Detector Diameter Length Thickness

Manufacturer Model No. Type (cm) (cm) (g/cm2) Orientation

Harshaw 12 S12 Sodium Iodide 7. 7.62 0.274 Al Photons incident

Chemical Co. scintillator on plane surface

Harshaw 8SH B2 Sodium Iodide 5. 1.27 0.046 Be Photons incident

Chemical Co. scintillator on plane surface

Reuter-Stokes RSG 30A Xenon 4. 10.5 0.046 Be Photons incident

Electronic proportional on curved surface

Components, counter

Inc.

Ortec, Inc. 8047 Germanium 2. 0.75 0.046 Be Photons incident
(Li-drifted) on curved surface
semiconductor

Technical 332A Silicon 1. 0.30 0.046 Be Photons incident

Measurements (Li-drifted) on plane surface

Corp. semiconductor

alr between the second Mylar pipe window and
the detector window had a total thickness

of 0.035 to 0.055 g/cm2. The effect of the
pipe on the spectral measurements may be
which shows 100" to 300-kV

Norelco x-ray spectra obtained without the

seen from Fig. 3,
pipe and with an air-filled pipe, employing
a sodium iodide detector. At lower poten-
tials, there 1is no significant difference
between the spectra, but at higher poten-
tials, the measurements with the pipe give
slightly but consistently higher intensities
which can be explained in terms of small-
angle scatter.

Two types of detector apertures were
2.5-cm-thick lead

containing small holes,

used. First,
shields,

over the detector.

cylindrical,
were placed
Later, a brass-lead
plate with a hole 3.2 cm in diameter was
centered over the Mylar window at the end
of the pipe. Two bolts attached to the
plate supported a 6.4-cm-diam, 2.5-cm-thick
lead disk with the hole. The detector,

pletely shielded except for its window, was

com—
placed against the disk. This arrangement
was easier to align than the first arrange-
ment and gave identical results.

The shielded detector was placed on a

stand that permitted orientation in any

desired direction. The detector was aligned
by sighting through the detector aperture
at a light placed in the target aperture.
After optical alignment, spectral measure-
ments were made with small changes in the o-
rientation of the detector to see if the
counting rate could be increased. When the
detectors were aligned, the intensity varied
directly with the detector aperture. Mea-
surements with three different aperture
areas were made with each spectrum measure-
ment to ensure that the detectors were align-
ed and not overloaded. Background was meas-
ured with the x-ray unit on and a lead plug
in the detector aperture. The background
counting rate was less than 0.1% of that of
the direct beam, except for the germanium
detector which had a high leakage current,
resulting in a large background current in
the lowest channels.

Pulse-height analysis of all spectra
was performed with a Victoreen Scipp 500-
which,

channel analyzer, along with the am-

plifiers and output equipment, was housed in
a small trailer near the detector. The pre-
amplifiers, amplifiers and method of calibra-
tion used with each detector have been de-

scribed elsewhere.22 The analyzer gain was

set so that one channel width corresponded



to a 1-keV interval. The channel-width-per-
keV interval setting was checked daily be-
fore and after each run, and only occasion-
ally was 1t necessary to adjust the fine
gain. The measurements were repeated over
a period of 4 yr. Only rarely were changes
in spectra observed exceeding 20%.
IIT. PARAMETER VARIATIONS

a. Tube Current

The effects of varying the tube cur-
rent were investigated with all four x-ray
units. The shape of the x-ray spectrum was
not significantly affected when the current
was varied; however, changes in intensity
per mA were observed. The largest effects
were observed with the Triplett-Barton unit.
Spectral measurements obtained with this
unit at 1, 2, 4, 6, 8, and 10 mA at 150 kV
are shown in Fig. 4. For ease of compari-
son, the time was adjusted to give the same
mA-min. The intensity per mA decreases
nearly linearly as the tube current in-
creases. This may be seen from Fig. 5,
where the average ratio of the count obtain-
ed at a given energy and current, to the
count obtained at the same energy at 1 mA
is plotted as a function of tube current for
this unit. The ratios were calculated at
every 5-keV interval from the data in Fig.
4, The standard deviation shown with each
point is indicative of the constancy of the
spectral shape as well as of the statistical
fluctuations. Similar plots for the other
three units are also shown in Fig. 5. The
100-kV Picker unit, which like the Triplett-
Barton is self-rectified, shows the same
tendency for the intensity per mA to de-
crease as the current is increased. A cali-
brated ammeter connected in series with the
current meter on the x-ray control panel
was used to measure the current. Our final
spectral measurements were made at the low-
est current in each case.
b. Target Aperture

The effects of varying the target aper-
ture were studied with the Triplett-Barton
and Norelco x-ray units. In both cases the

projected target size was approximately

The target consists of a rec-
1.6 by 2.1 cm,

The Norelco

5 mm square.
tangular piece of tungsten,
embedded in a copper anode.
tube that was disassembled after operating
3700 h was discolored in a 4 by 7 mm rec-
tangle in the center of the tungsten. The
target aperture appeared to have a small ef-
fect on the spectral shape, but the absolute
intensity was quite sensitive to the aper-
ture area. This may be seen from Fig. 6,
which shows 200-kV spectra, measured with a
germanium detector and a fixed detector ap-
(0.00941 cm2), from the Triplett-

Barton unit with wvarious apertures placed

erture
over the exit window of the tube. Similar
200-kV spectra were obtained with the Norel-
co unit using a sodium iodide detector.

To determine 1if the spectral shape was
affected by the target aperture, the count
obtained at a given energy with an aperture
was divided by the cotint obtained at the
same energy with the largest aperture, and
this ratio was plotted as a function of en-
ergy for each 5-keV interval. The results
are shown in Fig. 7 for two apertures each
from the Triplett-Barton and Norelco measure-
ments. Although the statistical fluctuations
are large, the ratio tends to decrease as

the energy increases. Count ratios, such

as those shown in Fig. 7, were averaged for
each aperture and are plotted in Fig. 8 as

a function of the aperture area. Also in-
dicated in Fig. 38
0.25 cm2.

nearly linearly with a slope of about 4 up

is the projected target
area, The count ratio increases
to the target area. As the target area is
exceeded, the count ratio continues to rise
another factor of 2 until an area about {4
times that of the target area is reached,
where it levels off and becomes constant.
The factor of 2 increase in intensity above
the target area indicates, perhaps, that

the apertures were not properly aligned. If
small target apertures are used to decrease
the beam intensity, great care must be taken
to ensure that the aperture remains aligned.
To avoid this difficulty, in the remainder

of our spectral measurements, we used target



aperture areas which in each case exceeded
the target area by at least a factor of 6.
c. Detector Aperture

The effects of varying the detector ap-
erture were studied with all four x-ray u-
nits and all four detector types. The in-
tensity was found to vary directly with the
if the de-
the

detector aperture area. However,
tector aperture area was too large,
higher counting rate overloaded the detector
and the measured spectra were distorted.
Typical results are given in Fig. 9, which
shows the 100-kV Triplett-Barton spectrum
measured with various apertures over the
germanium detector. For ease of comparison,
the counting time was adjusted to give the
the

same cm2-min. Table III gives the area,

TABLE III
DETECTOR APERTURES

Area Counting Time Total
(cm2) (min) (Counts/sec)
0.00941 33.7 6.7 x 102
0.0201 15.8 3.0 x 103
0.0401 7.9 1.2 x 104
0.114 2.8 9.8 x 10"
0.203 1.6 3.0 x 105
0.317 1.0 7.6 x 10)
0.635 0.5 3.0 x 106

live counting time, and the total counts/sec

for each aperture. Figure 9 shows the mea-
sured points obtained with the three small-
est apertures very close to one another, in-
dicating that the intensity varied directly
with the aperture area up to an area of

0.04 cm2, x 10

counts/sec. When the area was 0.114 cm2,

or a counting rate of 1.2

or the counting rate increased to 9.8 x 10"
counts/sec, the intensity decreased at the
lower energies and increased at the higher
energies. As the area was increased fur-
ther,

lower energies and were recorded at the high-

more and more counts were lost in the

er energies owing to coincidence effects.
At an area of 0.635 cm2,
was so high that all

the counting rate,
3 x io6 counts/sec,
trace of the L- and K-line structure was

lost and counts were recorded at energies

as high as 200 keV, although the exciting
Thus,
detector distance of 50 m from the target,

(2.85 cm2), at
the lowest tube current permitted by the u-
(1 ma),

be relatively small

potential was only 100 kV. even at a

with a large target aperture
nit the detector aperture area must
(less than 0.04 cm2) to
prevent the detector from being overloaded
and distorting the spectrum. Hypodermic

needles were embedded in three detector

shields to ensure true holes and determine
if the
by the

ture.

spectral measurements were influenced
atomic number of the detector aper-
The spectra measured with the hypo-
dermic needle apertures showed no signifi-
cant differences from those obtained with
holes in the lead shield.

IV. RESULTS

simple

a. The Measured Bremsstrahlung Spectra
The measured x-ray spectra are present-
10 to 29.

x-ray units there are five figures.

For each of the four
The

ed in Figs.

first figure gives our final estimate of
the undistorted spectra on the detector.
The points in the next four figures give the
measurements obtained with the silicon, ger-

manium, sodium iodide, and xenon detectors.
The experimental conditions of these mea-
The solid

lines in these four figures give the Monte

surements are given in Table IV.

Carlo calculation's prediction of how each
detector would measure the undistorted spec-
tra given in the first figure.

The method of estimating the undistort-
ed spectrum and the details of the Monte
Carlo calculation have been reported in a

22

separate paper. Briefly, given the esti-

mate of the undistorted spectrum, the detec-
tor geometry, and the detector resolution,
the program calculates the spectrum each de-
tector would measure assuming a narrow,
parallel beam of incident photons. In gen-
eral, the Monte Carlo calculations of the

silicon, germanium, and sodium iodide detec-
tor spectra are in good agreement with the

measurements. Because of large leakage cur-
rents in the germanium detector, it was nec-

essary to suppress the counting rate in the



X-Ray
Unit

300-kV
Norelco

275-kv
Triplett-
Barton

100-kv

Picker

60-kV
Picker

lower channels,
lie well below the calculations.

est discrepancies between measurement and

Detector

0

0

0

0

Area
(cm2)

.00941

.00941

.00941

.0010

EXPERIMENTAL CONDITIONS FOR FIGS.

Time
(sec)

510

510

480

1

Energy
Interval
(keV)

Tube

Cur-

rent
(ma)

2

so that the measured values

The larg-

calculation are observed with the xenon pro-

portional counter.

Each measured spectrum

represents the average of 10 to 20 individu-

al measurements.

certainties due to statistical errors,

tector corrections,

and geometry errors,
perimental spectral intensities given in
21 to 24,

Figs.

11 to 14,

16 to 19,
to 29 is estimated to be 10%.

After a review of the un-
de-
analyzer instabilities,

the accuracy of the ex-

and 26

After a com-

parison of the experimental and Monte Carlo

calculated spectra,

distorted spectra given in Figs.
and 25 1is estimated to be 15%
below 15 keV.

and 25%

b. Target Spectra

15,

the accuracy of the un-
10,
above 15 keV

20,

To compare the measurements to theory,

15,2 3-28

attenuation of the intervening material,

which includes air,

the detector window,

tration.

in Table 1V,

available which permit one to correct for

the attenuation. Table IV

and cross-section tables

In addition.

29

the data must be corrected for the

the Mylar pipe windows,
and the inherent fil-
The intervening material is given

are

TABLE IV

10 to 29

X-Ray Target

to Detector Intervening Inherent
Distance Material Filtration
(cm) (gq/cm2) (gq/cm2|
4920 0.046 Be 0.44 Be
0.021 Mylar 1.4 0il
0.052 Air 0.71 Araldit
plastic
0.65 Pyrex
glass
4797 0.046 Be 0.425 Be
0.021 Mylar
0.046 Air
4787 0.046 Be 0.28 Pyrex
0.021 Mylar glass
0.036 Air
4655 0.046 Be 0.046 Be
0.021 Mylar
0.037 Air

gives the detector aperture and x-ray target
to detector distance so that corrections can
be made for the solid angle in steradians
subtended by the detector. The counting
and energy interval are

Thus,

time, tube current,

also listed in Table 1IV. the spectra
incident on the detector, shown in Figs. 10,
15, 20, and 25,

tenuation of the intervening material in-

were corrected for the at-

cluding the inherent filtration and convert-
ed to units of photons/sec-mA-keV-sr to es-
timate the intensity from the x-ray target.
30 to 33 for
For purposes of clar-

The results are given in Figs.
the four x-ray units
ity the L and K lines have been omitted.

The 100-kV Picker and the 300-kV Norel-
co spectra fall off sharply below 10 and 20
kev,

ly large inherent filtration.

respectively, because of their relative-
Consequently,
the intensity below these energies was inde-
terminable. The inherent filtration of the
60-kV Picker and 275-kV Triplett-Barton u-
nits consisted only of beryllium tube win-

to estimate the continuum

dows. However,

intensity below 15 keV, the L-line intensi-
ty must first be estimated and subtracted.
Because of this procedure, there is also a

large uncertainty in the continuum intensity



below 15 keV for the two units with berylli-

um windows. both the 60-kV
Picker and the 275-kV Triplett-Barton units

show a peak in the continuum below 10 keV,

For example,

but it is not clear whether these peaks are
real.
al and the filtration corrections were made.
They may represent tungsten L-edge structure
in the continuum which was not clearly re-

solved because of the superimposed L lines

The K-edge jump ratios are plotted in
Fig. 34 as a function of tube potential.
The ratio increases linearly with potential
above 80 kV, but appears to be leveling off
above 200 kV.
c. Integrated Photon and Energy Flux

The total number of continuum photons
emitted by the target was obtained by inte-
30 to 33, and
The L-

and K-line intensities given in Figs. 10,

grating the curves in Figs.

the results are given in Table V.

15, 20, and 25 were corrected for attenua-
tion,

totalled.

converted to target intensities, and
The L- and K-line photon totals
are given in Table V.
of the 100-kV Picker and 300-kV Norelco

The L-line intensity

spectra could not be determined, because of
the large inherent filtration.

The photon spectra were converted to
energy in units of ergs/sec-mA-sr,and the
totals for both the continuum and lines are
The total continuum
35,and the
total L- and K-line energy flux in Fig. 36,

given in Table V.

energy flux is plotted in Fig.

as a function of tube potential for the
The 100-kV Picker, 275-
and 300-kV Norelco con-

four x-ray units.
kV Triplett-Barton,

tinuum and K-line totals appear to be fol-

lowing a similar trend. However, the 60-kV
Picker continuum and L-line totals lie a
factor of 2 to 3 above the others. This

may be due in part to the 45°
of the 60-kV Picker unit,
20 to 22°

target angle
compared to the
target angle of the other units.
Photons produced in the tungsten target are
attenuated by a thickness x/tan 6 as they

leave the target, where x is the target

They appeared after the L-line remov-

thickness traversed by the electron before
the 60-kV
Picker photons suffer less attenuation than
In addi-

photon emission. Consequently,
the photons from the other units.
tion, one would expect the 60-kV Picker and
300-kV Norelco constant-potential units to
have greater intensity than the other two
units which are self-rectified.

Table V gives the ratio of the L- and
K-line photon fluxes to the total photon
flux. The ratio of the line to total ener-
gy flux is also given in Table V and plotted
in Fig.
The L-to-total ratio,
the L edges (10 to 12 keV), builds up to a
value of 0.32 at 20 kev,

steadily as the tube potential increases.

37 as a function of tube potential.

which is zero below
and then decreases
The K-to-total ratio also builds up rapidly

(69.5 keV)

and then levels off a-

above the K edge as the tube po-
tential increases,
round 150 kV.
d. X-Ray Production Efficiency

The efficiency for x-ray production,

e, was defined by Compton and Allison as

e = X-ray energy = k,v
cathode ray energy '

where z is the atomic number of the target,
V the tube potential,

proportionality in units of reciprocal volts.

and k a constant of
Using measurements made before 1935, Compton
and Allison concluded that k was approxi-

mately 1.1 x 10%6¢ (kV)-1
later measurements and calculations,
in 1955 concluded that a better value for k
was 0.7 x 1076 (kVv)—-1. From the L, K, and
continuum intensities given in Table V, one

and thus

After studying

Evans

can obtain the total x-ray energy,
the efficiency and proportionality constant.
The x-ray production efficiency and k are
plotted as a function of tube potential in
38 and 39,
of k varies between 0.22 and 0.74
(kV) =1. The values of k obtained with the

Figs. respectively. The value

X io-1

constant-potential units tend to increase

as the tube potential increases.



TABLE V

TOTAL PHOTON AND ENERGY FLUX

X-Ray Potential
Unit (kV) C L L/ (L+C) K K/ (K+C)
Photons/sec-mA-sr, x 10-12
300-kV 100 2.09 0.124 0,.0560
Norelco 150 4.89 0.625 0.113
200 8.20 1.37 0,.144
250 13.1 2.22 0,.145
300 18.1 3.23 0,.151
275-kV 60 1.87 0.907 0.327
Triplett- 80 2.82 1.16 0.292 0.017 0,.0060
Barton 100 4.09 1.38 0.253 0.098 0,.0234
150 6.73 1.77 0.208 0.454 0.0632
200 9.07 1.90 0.173 0.778 0.0790
100-kV 40 0.774
Picker 60 1.38
80 1.93 0.0134 0.0069
100 2.67 0.0689 0..0252
60-kV 12 0.231
Picker 20 0.668 0.299 0.309
40 2.28 1.33 0.368
60 3.92 2.34 0.373
Ergs/sec-mA-sr, x 10"5
300-kV 100 1.68 0.120 0,.067
Norelco 150 4.81 0.608 0,.112
200 9.39 1.33 0,.124
250 16.2 2.16 0,.117
300 24.7 3.13 0,.112
275-kV 60 0.573 0.136 0.192
Triplett- 80 1.08 0.175 0.139 0.0165 0.0150
Barton 100 1.92 0.208 0.0981 0.0947 0.0471
150 4.34 0.266 0.0577 0.439 0..0920
200 7.22 0.284 0.0379 0.754 0..09406
100-kV 40 0.224
Picker 60 0.518
80 0.844 0.0129 0.0151
100 1.36 0.0667 0..0468
60-kV 12 0.0251
Picker 20 0.0947 0.0448 0.322
40 0.491 0.199 0.289
60 1.16 0.351 0.232
C = Continuum
L = L lines
K = K lines
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Fig. 2. Schematic diagram showing the ex-

perimental arrangement for the measure-

ment of x-ray spectra.
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Sketch of the 300-kV Norelco x-ray tube showing the inherent filtration.
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Fig. 3. Spectral measurements in air with

and without the Orangeburg pipe.
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the germanium detector.
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Fig. 5. Variation in count as a function of

tube current for all four x-ray units.
Tube potentials in parenthesis are those
at which measurements were made.
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Fig. 6. Triplett-Barton 200-kV spectrum
measured with the germanium detector and
various target apertures.



0.9 —

08
Xeoo .
o 0 0 o0
0.7
0.6 -—
<t A A
0-5 AAA a
A A"AA A i
3
] A* A A *A
© AR
0.4 AaAa
0.3
0.2
\ AV
TARGET APERTURE AREA (cm2) v Ji
0.1 — vy 0.052 NORELCO (Nal)
m 0.16 TRIPLETT-BARTON (Ge)
A 0.32 TRIPLETT-BARTON (G«)
= 0.52 NORELCO (Nal),
100 200
PHOTON ENERGY (k«V)

Fig. 7. Variation in count as a 100 200
function of photon energy for four PHOTON ENERGY (KaV)
different target apertures.

Fig. 9. Triplett-Barton 100-kV spectrum
measured with the germanium detector at
various detector apertures.

Q
E TARGET
3 AREA
2
o
@]
m
O
éOA—I
% — TRIPLETT-BARTON
- NORELCO
TARGET APERTURE AREA (cm4)
Fig. 8. Variation in count as a function of

target aperture area.

13



60 kV PICKER X-RAY SPECTRA
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B . 10. Undistorted 12-, 20-, 40-, and
60-kV spectra from the 60-kV Picker x-
ray unit. Experimental conditions are
given in Table IV.

60 kV PICKER X-RAY SPECTRA
' SI DETECTOR
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O 10 O 10 20 O 10 20 3040 O 10 20 30 40 50 60
PHOTON ENERGY (keV)

Fig. 11. Silicon detector measurements
of the 60-kV Picker x-ray spectra.

Points are measured values, and solid
lines are Monte Carlo calculations
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60 kV PICKER X-RAY SPECTRA
! 6* DETECTOR !

12 kV 20 kV 40 kV 60 kV

O 10 O 10 20 O 10 20 3040 O 10 20 30 40 50 60
PHOTON ENERGY (keV)

Fig. 12. Germanium detector measurements
of the 60-kV Picker x-ray spectra.
Points are measured values and solid
lines are Monte Carlo calculations.

60 kV PICKER X-RAY SPECTRA
Nal DETECTOR

20 kV 40 kV 60 kV

10 O 10 20 O 10 20 30 40 O 10 20 30 40 50 60
PHOTON ENERGY (keV)

Fig. 13. Sodium iodide detector measure-
ments of the 60-kV Picker x-ray spectra
Points are measured values, and solid
lines are Monte Carlo calculations.
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60 kV PICKER X-RAY SPECTRA
X« DETECTOR
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PHOTON ENERGY (keV)
Fig. 14. Xenon detector measurements of

the 60-kV Picker x-ray spectra. Points
are measured values, and solid lines are
Monte Carlo calculations.

100kV PICKER X-RAY SPECTRA

100kV

80kV
60kV

[ 40kv

0 20400 20 40 600 20 40 60 800 20 40 60 80 100
PHOTON ENERGY (k«V)

Fig. 15. Undistorted 40-, 60-, 80-, and
100-kV spectra from the 100-kV Picker
x-ray unit. Experimental conditions
are given in Table IV.

100kV PICKER X-RAY SPECTRA Si DETECTOR

100 kV
80kV
60kV

0 20 400 20 40 600 20 40 60 800 20 40 60 80
PHOTON ENERGY (keV)

Fig. 16. Silicon detector meas-
urements of the 100-kV Picker
x-ray spectra. Points are meas-
ured values, and solid lines are
Monte Carlo calculations.

100kV PICKER X-RAY SPECTRA G« DETECTOR

100kV

60 kV

- 40kV

0 20 400 20 40 600 20 40 60 800 20 40 60 80 100
PHOTON ENERGY (keV)

Fig. 17 . Germanium detector measurements
of the 100-kV Picker x-ray spectra.
Points are measured values, and solid
lines are Monte Carlo calculations.
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100kV PICKER X-RAY SPECTRA Nol DETECTOR 00KV PICKER X-RAY SPECTRA X* DETECTOR

COUNTS/keV

100kV
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- 40kv
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40kV
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PHOTON ENERGY  (k«V) PHOTON ENERGY (keV)
Fig. 18. Sodium iodide detector measure- Fig. 19. Xenon detector measurements of
ments of the 100-kV Picker x-ray spec-— the 100-kV Picker x-ray spectra.
tra. Points are measured values, and Points are measured values, and solid
solid lines are Monte Carlo calcula- lines are Monte Carlo calculations.
tions.
278 kV TRIPLETT-BARTON X-RAY SPECTRA
BO kV 100 kV
ISO kV 200 kV
275 kV TRIPLETT-BARTON X-RAY SPECTRA
20 40 O 20 40 BO 0 20 40 60 SO 100 0 20 40 60 80 100 120140 O 20 40 60 80 100 120140160180 200
PHOTON ENERGY (kiV) PHOTON ENERGY (keV)

Fig. 20. Undistorted spectra from the 275-kV Triplett-Barton x-ray unit. Experimental
conditions are given in Table IV.
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COUNTS/keV

Fig.

22.

275 kV TRIPLETT-BARTON X-RAY SPECTRA

275 kV TRIPLETT-BARTON X-RAY SPECTRA SI. DETECTOR '

Si DETECTOR

BO kV 100 kV

04 - - 200 kv

PHOTON ENERGY (K«V) PHOTON ENERGY (kiV)

Fig. 21. Silicon detector measurements of the 275-kV Triplett-
Barton x-ray spectra. Points are measured values, and solid
lines are Monte Carlo calculations.

Germanium detector measurements of the 275-kV Triplett-Barton x-ray spectra.

Points are measured values, and solid lines are Monte Carlo calculations.
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278 kV TRIPLETT-BARTON X-RAY SPECTRA

275 kV TRIPLETT-BARTON X-RAY SPECTRA
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Nal DETECTOR

ISO kV 200 kV
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e
Z
=)
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PHOTON ENERGY (keV) PHOTON ENERGY (keV)
Fig. 23. Sodium iodide detector measurements of the 275-kV Triplett-Barton x-ray spectra.

Points are measured values, and solid lines are Monte Carlo calculations.

ZTi kV TRIPLETT-BARTON X-RAY SPECTRA

27S KV TRIPLETT-BARTON X-RAY SPECTRA X« DETECTOR 1
Xk DETECTOR
60 kv BOkV 100 kv 150 KV 200 KV
01-
PHOTON ENERGY (keV) PHOTON ENERGY (keV)

Fig. 24. Xenon detector measurements of the 275-kV Triplett-Barton
x-ray spectra. Points are measured values, and solid lines are
Monte Carlo calculations
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300 fcoV NOffLCO X-RAY SPECTRA

PHOTON ENERGY (MV) PHOTON ENERGY (MV)

300 kV NORELCO X-RAY SPECTRA

300 kV NORELCO X-RAY SPECTRA

250 kV
40 60 80 100 120 140 160 180 200 220 240 0 20 40 60 80 100 120 140 160 180 200220 240 260280 300
PHOTON ENERGY (k«V) PHOTON ENERGY (k«V)
Fig. 25. Undistorted spectra from the 300-kV Norelco x-ray unit. Experimental conditions

are given in Table IV.
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Silicon detector measurements of the 300-kV Norelco x-ray spectra.

are measured values, and solid lines are Monte Carlo calculations.
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500 kV. NORELCO X-RAY SPECTRA
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Fig. 27. Germanium detector measurements of the 300-kV Norelco x-ray spectra

Points are measured values, and solid lines are Monte Carlo calculations.
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Fig. 28.
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Sodium iodide detector measurements of the 300-kV Norelco x-ray spectra

Points are measured values, and solid lines are Monte Carlo calculations.



Fig.
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Fig. 29. Xenon detector measurements of the 300-kV Norelco x-ray spectra. Points

are measured values, and solid lines are Monte Carlo calculations.
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30. Photon flux from the 60-kV Picker
target as a function of photon energy.
Characteristic lines have been omitted.

100KV PICKER

40kV 60kV \80kV \IOOkV

PHOTON ENERGY (k6V)

Fig. 31. Photon flux from the 100-kV Picker
target as a function of photon energy.
Characteristic lines have been omitted.
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, Fig. 34. K-edge jump ratios as a function
Fig. '32. Photon flux from the 275—ky of tube potential.
Triplett-Barton target as a function of
photon energy. Characteristic lines
have been omitted.
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Fig. 33. ©Photon flux from the 300-kV Norel- Fig. 35. Total continuum energy flux emit-
co target as a function of photon energy. tedlfrom the .target as a function of exci-
Characteristic lines have been omitted. tation potential.
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Fig. 36. Total L- and K-line energy flux

Fig. 38.
emitted from the target as a function of
excitation potential.
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X-ray production efficiency as a
function of tube potential,
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Fig. 37. Ratio of the L- and K-line energy
flux to the total energy flux as a func- Fig. 39. The constant of proportionality,
tion of excitation potential. k, as a function of tube potential.
KT/je: 356 (75)
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